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Structural Basis for the Autoinhibition
of Calcium/Calmodulin-Dependent
Protein Kinase I
Jonathan Goldberg,*² Angus C. Nairn,² mechanism of this inhibition is that the inhibitory region
is a ªpseudosubstrateº that mimics a peptide target ofand John Kuriyan*²
the enzyme and thereby blocks the substrate-binding*Howard Hughes Medical Institute
site (reviewed in Kemp and Pearson, 1991; Kemp et al.,²The Rockefeller University
1994). Activation occurs when Ca21/calmodulin binds toNew York, New York 10021
a site that overlaps the autoinhibitory region and strips
it away from the active site.
The pseudosubstrate hypothesis was initially sug-Summary
gested by the observation that the autoinhibitory region
of MLCK from smooth muscle contains a sequence withThe crystal structure of calcium/calmodulin-depen-
apparent homology to the recognition motif of the sub-dent protein kinase I has been determined in the au-
strate, myosin light chain (Kemp et al., 1987). Activationtoinhibited form. The C-terminal regulatory region of
of MLCK in the absence of Ca21/calmodulin can occurthe enzyme forms a helix-loop-helix segment that ex-
in vitro by the proteolytic removal of these C-terminaltends across the two domains of the catalytic core,
residues (Pearson et al., 1988). In addition, syntheticmaking multiple inhibitory interactions. Elements of
peptides corresponding to this region of MLCK werethe first regulatory a helix and the loop interfere with
shown both to potently inhibit kinase activity and to bindthe binding site for peptide substrates, while the loop
Ca21/calmodulin (Kemp et al., 1987). Subsequent workand the second helix interact with the ATP-binding
has identified similar regulatory sequences in other CaMdomain to induce conformational changes that ob-
kinases, including CaM kinase I (CaMKI) (Yokokura etstruct the nucleotide binding pocket. One part of the
al., 1995; Haribabu et al., 1995), CaM kinase II (CaMKII)calmodulin recognition element protrudes away from
(Cruzalegui et al., 1992) and CaM kinase IV (CaMKIV)the catalytic domain and is potentially available for
(Cruzalegui and Means, 1993).an initial interaction with calmodulin. The structure
A modeling study of MLCK, based onthe crystal struc-provides a view of an intact calmodulin target and
ture of the cAMP-dependent protein kinase (cAPK) sug-suggests that substantial structural changes will ac-
gested that it is feasible for the autoinhibitory sequencecompany kinase activation by calmodulin binding to
to occupy the active site (Knighton et al., 1992). Morethe regulatory region.
directly, the crystal structure of the kinase domain and
regulatory region of the large muscle protein twitchin
Introduction showed that a 60-residue segment immediately follow-
ing the catalytic domain of the enzyme binds to and
Intracellular calcium signals that mediate the actions of blocks the active site, consistent with the pseudosub-
many hormones and neurotransmitters commonly exert strate hypothesis (Hu et al., 1994). The structure of the
their effects through the regulation of protein phosphor- autoinhibited form of a protein kinase that is activated
ylation (for reviews, see Davis, 1992; Parker, 1994; by Ca21/calmodulin has not, however, been reported
Ghosh and Greenberg, 1995). In many cases, these as yet.
events are orchestrated by the calcium sensor calmodu- CaMKI is a monomeric enzyme (374 residues, 41.7
lin, a calcium-dependent protein that binds to and acti- kDa) that has a wide tissue distribution (Picciotto et al.,
vates a number of enzymes, most notably a family of 1995) and can phosphorylate a number of substrates in
Ca21/calmodulin-dependent protein kinases (CaM ki- vitro, including the synaptic vesicle±associated proteins
nases). CaM kinases regulate diverse cellular pro- synapsin 1 and 2 (Nairn and Greengard, 1987) and the
cesses, including neurotransmitter release, muscle con- cAMP response element±binding protein (Sheng et al.,
traction, gene expression and cell proliferation (for 1991). CaMKI and CaMKII were initially identified in rat
reviews, see Hanson and Schulman, 1992; Nairn and brain (Huttner et al., 1981; Kennedy and Greengard,
Picciotto, 1994). The CaM kinase family includes en- 1981) based on their ability to phosphorylate distinct
zymes capable of phosphorylating serine and threonine sites on synapsin 1, thereby modulating its interaction
residues on multiple targets (CaM kinases I, II, and IV) with actin (reviewed in Greengard et al., 1993). The two
as well as kinases dedicated to the phosphorylation of enzymes are closely related (45% sequence identity in
a single substrate (myosin light chain kinase [MLCK], the catalytic core), and both contain inhibitory and cal-
phosphorylase kinase, and elongation factor 2 kinase, modulin-binding sequences that immediately follow the
also called CaM kinase III). catalytic core. However, they differ in that CaMKII pos-
A fundamental aspect of protein kinase action is the sesses a C-terminal domain, lacking in CaMKI, that
tight coupling of catalytic activity to various extracellular drives theassembly of an oligomeric form of the enzyme.
and intracellular signals. Many protein kinases are main- The two enzymes also have different sitesof phosphory-
tained in inactive forms that are activated by the binding lation and differ fundamentally in the nature of their
of a specific regulator or by phosphorylation by a distinct regulation by phosphorylation. CaMKI is further acti-
protein kinase, or by both. CaM kinases are autoinhib- vated by phosphorylation on a loop near the active site
ited in the resting state (low intracellular calcium con- (Mochizuki et al., 1993; Picciotto et al., 1993; Lee and
centration) by a regulatory segment that follows the cat- Edelman, 1994, 1995). CaMKII lacks this phosphoryla-
tion site, and instead autophosphorylates the regulatoryalytic domain. The prevailing hypothesis regarding the
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segment such that theenzyme dramatically increases its difficult to establish precisely. This issue is addressed
more completely in the Experimental Proceduresaffinity for Ca21/calmodulin and also becomes partially
independent of Ca21/calmodulin (Meyer et al., 1992; section.
The structure of CaMKI was solved by the isomor-Schulman, 1993). The autophosphorylation of CaMKII
at this site has been implicated in certain memory pro- phous replacement method (Table 1). The fold of the
conserved catalytic core of the molecule is closely simi-cesses in the mouse (Bach et al., 1995).
In the present study, we have determined the crystal lar to that of other kinases, and the regulatory segment
adopts a helix-loop-helix structure that binds to the ki-structure of CaMKI in the absence of Ca21/calmodulin
in order to address the molecular mechanism of the nase domain in two distinct regions. Whereas the struc-
ture of the regulatory apparatus and the regions of theautoinhibition. The three-dimensional structure reveals
extensive interactions between the autoinhibitory se- kinase domain that interact with it are well defined, it is
interesting that 28 residues in two loops near the activequence and the kinase catalytic core, some of which
are consistent with the pseudosubstrate model for the site are disordered and could not be modeled. The high
mobility of these residues, along with 11 residues atactivation of the CaM kinases. However, the regulatory
segment does not directly enter the ATP-binding site or the N-terminus and 4 at the C-terminus that are also
disordered, might contribute toward the relatively weakthe region where phosphate transfer occurs in the active
enzyme. Instead, it interacts with the outside of the ATP- diffraction of X-rays by these crystals. The final model
comprises 2,221 protein atoms, corresponding to resi-binding region, leading to conformational changes in
the ATP-binding domain that obstruct the nucleotide dues 10±316 of CaMKI, and 122 water molecules and
has been refined to an R value of 20.1% and a free Rbinding site. The structure provides a view of an intact
calmodulin target and suggests a mechanism for the value (BruÈ nger, 1993) of 31.3%, using X-ray data from
6.0±2.5 AÊ .process of Ca21/calmodulin activation that underlies the
switching mechanism of CaMKI.
Overall Structure of the Catalytic DomainResults and Discussion
All eukaryotic protein kinases share a conserved cata-
lytic core of 300 amino acid residues (Hanks et al., 1988;Full-length CaMKI from rat brain (374 amino acid resi-
Hanks, 1991), the fold of which was first established fordues, 97% identical to the human form [Picciotto et al.,
cAMP-dependent protein kinase (cAPK) (Knighton et al.,1993; Cho et al., 1994; Haribabu et al., 1995]) undergoes
1991a, 1991b). As expected, the fold of the catalyticproteolysis in the C-terminal region when expressed in
core of CaMKI is highly similar to that of cAPK and otherE. coli. A form of the enzyme that lacks the C-terminal
kinases of known structure (reviewed in Goldsmith andresidues 321±374 was found to be resistant to further
Cobb, 1994). The catalytic core (residues 10±275 inproteolysis and was used for all of the crystallographic
CaMKI) has a characteristic bilobate architecture, withstudies. The biochemical properties of this truncated
the active site situated at the interface between the twoform of the enzyme, which we shall refer to as CaMKI,
lobes. The smaller N-terminal lobe (N-terminal domain,match those of the intact enzyme prepared from rat
residues 10±100 in CaMKI) binds ATP and consists pri-brain. The truncated enzyme (residues 1±320) is fully
marily of a five-stranded antiparallel b sheet, while theautoinhibited and displays wild-type kinase activity
larger lobe (C-terminal domain, residues 101±275) iswhen activated by Ca21/calmodulin (Yokokura et al.,
mostly a helical and provides the residues implicated1995). The functional significance of the C-terminal resi-
in the recognition of peptide targets (Figures 1A and 2).dues that are absent in this construct is unknown.
The C-terminal extension of CaMKI (residues 276±316)
contains the autoinhibitory and Ca21/calmodulin-bind-Structure Determination
ing regions and forms a helix-loop-helix structure thatCrystals of CaMKI obtained in the presence of ATP are
has not been observed before in protein kinases.systematically disordered and cannot be used for struc-
In the following discussion, we compare the structuretural analysis (see Experimental Procedures). Ortho-
of CaMKI with that of the ternary complex formed byrhombic crystals of CaMKI, grown in the absence of
cAPK, ATP, and a peptide inhibitor (Zheng et al., 1993b,nucleotide, diffract tomedium resolution using a rotating
entry 1ATP in the Brookhaven Protein Data Bank; seeanode X-ray source in the laboratory. Specifically, data
also Bossemeyer et al., 1993). The nomenclature usedbeyond 3 AÊ resolution cannot be observed using this
to describe secondary structure elements (Figure 2) fol-conventional X-ray source. We have taken advantage
lows that introduced for cAPK (Knighton et al., 1991a).of the fact that cryogenically cooled crystals of CaMKI
The ternary form of cAPK is in an active conformation,are stable even in intense synchrotron X-ray beams. We
with a substrate-peptide mimic (the protein kinase inhib-measured a complete dataset to 2.5 AÊ resolution (Table
itor [PKI]) bound in the active site (Figure 1). A significant1) by using relatively long exposure times and a charge-
difference between the structure of the inactive formcoupled device detector (Gruner, 1994) at Cornell high
of CaMKI and the active form of cAPK is the relativeenergy synchrotron source (CHESS) A1 beamline. How-
orientation of the N- and C-terminal domains (Figureever, reflections beyond 3 AÊ resolution are weak relative
1A). The cAPK ternary structure is in a ªclosedº confor-to the rest of the data, and the overall (model-indepen-
mation, while the two domains of CaMKI are rotateddent) temperature factor for the X-ray data is estimated
apart by 188 relative to their orientation in cAPK, openingto be 59 AÊ 2 by Wilson scaling (Wilson, 1949). The effec-
the active site cleft and exposing it to solvent. Similartive resolution of the crystallographic analysis is there-
fore expected to be somewhat worse than 2.5 AÊ , but is ªopenº conformations are observed in the low activity
Structure of Calmodulin-Dependent Kinase I
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Table 1. Crystallographic Structure Determination and Refinement
Data Statistics
Completeness (%) Rmergea (%)
Reflections (Overall/Outer (Overall/Outer
Dataset Resolution (AÊ ) (Measured/Unique) Shell) Shell) Risob Phasing Powerc
Nativee 20.0±2.5 75340/12191 95.1/89.2 6.0/32.0 Ð Ð
Derivative (Mercuric
acetate) 16.0±3.2 26740/5928 94.8/92.1 9.4/43.2 0.245 1.36
Refinement Statistics
Resolution (AÊ ) R-factor Free R-factor No. reflections
Data with F . 2 sF 6±2.5 0.201 0.313d 11381
Rms deviations Bonds lengths 0.009 AÊ Bond angles 1.58 B-values 2.1AÊ 2
a Rmerge 5 100 3 ShSi|Ih,i 2 kIhl | / ShSiIh,i.
b Riso 5 Sh | Fnath 2 Fderivh | / ShFnath.
c Phasing power 5 rms heavy-atom structure factor / rms lack of closure.
d Free R-factor (BruÈ nger, 1993) was calculated with 10% of the data.
e Native X-ray data were collected at the A1 beamline (CHESS) using a CCD detector. Two sweeps of reciprocal space were required to
measure a complete dataset. The first sweep employed long exposure times (60 s per 18 spindle rotation) to measure weak, high resolution
data, and the second sweep used short exposure times (5 s per 28) to avoid detector overloads for strong reflections.
forms of other kinases, including the MAP kinase ERK2 loop is necessary for activity, and the active conforma-
tion of the loop is stabilized by interactions between the(Zhang et al., 1994), insulin receptor tyrosine kinase
(Hubbard et al., 1994) and twitchin kinase (Hu et al., phosphate and residues near the active site (Knighton
et al., 1991a). In CaMKI, phosphorylation of the loop at1994), as well as in nucleotide-free forms of cAPK (Zheng
et al., 1993a). Relative movements between the two do- the corresponding position (Thr-177) requires a distinct
activating kinase, and the loop is unphosphorylated andmains are believed to play an important role in protein
kinase function, and a closed conformation is probably disordered in our crystals. The disorder of another loop,
between b3 and aC in the ATP-binding domain, maynecessary for activity (Olah et al., 1993; Cox et al., 1994).
The open conformation of CaMKI appears to be stabi- also be coupled to the activation state of the enzyme:
interaction of this domain with the regulatory segmentlized by interactions between the ATP-binding domain
and the C-terminal part of the autoinhibitory segment leads to a restructuring of strands b1 and b2, and a
rupturing of the integrity of the b sheet between strands(residues Asn-305 to Met-316).
Despite the relative rearrangement of the two domains b2 and b3. The corresponding loop in cdk2 is also a
region of relatively high disorder in the absence of cyclinand the absence of nucleotide in CaMKI, the internal
structure of each of the two domains differs from that binding (DeBondt et al., 1993).
of cAPK only in those regions that are involved in forming
the binding sites for the regulatory segment of CaMKI. Structure of the Regulatory Region
The conserved catalytic core of the protein kinases ter-In the C-terminal domain, helix aD and a region including
aG form the binding site for the first helix of the regula- minates at helix aI (Hanks, 1991). Members of the CaM
kinase family differ widely in the size of the C-terminaltory region. Excluding these elements, the C-terminal
domain of CaMKI can be closely superimposed with extension, but all possess the important autoinhibitory
and CaM-binding regions within a sequence of 40±50corresponding elements in cAPK (rms deviation of 0.8
AÊ over 100 Ca atoms). In particular, the highly conserved residues that directly follows aI. In the structure of
CaMKI, the regulatory segment (residues276±316) bindscatalytic loop region (140RDLKPEN146) adopts a similar
backbone and side chain conformation in both enzymes to thesurface of the catalyticcore in twodistinct regions:
one in the C-terminal domain and one in the N-terminal(rms deviation of 1.1 AÊ for all 54 atoms). In the N-terminal
domain, the conformation of the glycine-rich ATP-bind- domain. The interface between the regulatory region
and the rest of the enzyme is very extensive, with theing loop (strands b1±b2) has changed as a consequence
of interaction with the regulatory region (Figure 1, and burial of a total of 2790 AÊ 2 of surface area (1540 AÊ 2 on
the catalytic core and 1250 AÊ 2 on the regulatory region,see below). Excluding these residues, the core elements
of the N-terminal domains can also be superimposed calculated using a solvent probe of radius 1.4 AÊ ). Corre-
spondingly, the regulatory region and the residues itbetween the two structures (rms deviation of 1.0 AÊ for
58 Ca atoms). interacts with are among the best ordered regions of
the structure, with strong electron density (Figure 5) andThere are two regions of high conformational disorder
within the catalytic core of CaMKI, with no observable relatively low temperature factors (Figure 6A).
electron density for the corresponding residues. The
loop between b8 and aEF in the C-terminal domain is Interaction of the Regulatory Sequence
with the C-Terminal Lobe of the Kinase Domainknown as the ªactivation loop,º since it contains sites
of regulatory phosphorylation in many protein kinases. In both cAPK and CaMKI, the N-terminal part of the
substrate analog (aR1 in CaMKI, the helix of the inhibitorIn cAPK, phosphorylation of Thr-197 in the activation
Cell
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Figure 1. Comparison of the Fold of Autoin-
hibited CaM Kinase I with cAPK
(A) Ribbon drawing of CaM kinase I (CaMKI;
left) and cAPK (right). The structures of au-
toinhibited CaMKI and cAPK are drawn with
their C-terminal lobes (helical domain at bot-
tom) in similar orientations. The cAPK struc-
ture is that of Zheng et al. (1993b), with the
PKI peptide inhibitor colored orange and the
ATP shown in ball and stick form (entry 1ATP
in the Brookhaven Protein Data Bank). cAPK
has its two domains in a closed conformation
whereas the CaMKI active site is opened by
an 188 relative rotation of the domains, with
respect to cAPK. The regulatory C-terminal
sequence of CaMKI, containing the autoin-
hibitory region, is colored red (residues 285±
316). The ATP-binding glycine-rich loop or P
loop (colored green in both structures; resi-
dues 23±36 in CaMKI, 46±59 in cAPK) covers
the ATP molecule in cAPK. In CaMKI, the P
loop interacts with the autoinhibitory region
and adopts a distinct conformation that dis-
torts the ATP-binding site. Two disordered
regions of CaMKI in the crystal structure are
indicated with dotted lines (ten residues, 54±
63, not modeled in the N-terminal domain,
and eighteen residues, 164±181, in the C-ter-
minal domain, are indicated by the corre-
sponding number of dots). The region of CaM
kinase I that is boxed is shown in detail in (B).
(B) Stereo-diagram showing the interaction
between the CaMKI regulatory segment (red,
residues 285±316) and the catalytic core of
the enzyme (gray). Selected residues of the
regulatory region are drawn in white, and resi-
dues from the catalytic core are colored blue.
Figure prepared using the programs MOLS-
CRIPT (Kraulis, 1991) and Raster3D (Bacon
and Anderson, 1988).
peptide in cAPK) fits into a channel on the surface of residues preceding the site of phosphorylation is also
shared by cAPK (Kemp et al., 1991). Glu-102 in CaMKIthe protein that is created by the edge of aD along
with an extensive region stretching from the end of aF, is in a structurally equivalent position to that of Glu-127
of cAPK, and both are involved in electrostatic interac-through aG, to aH. Although the loops following aR1
and the helix of PKI approach the active site in both tions with basic residues in the substrate analog (Figure
3C). Lys-300 of the regulatory segment of CaMKI inter-enzymes, the helices are oriented differently and the
positions of their N-termini are quite divergent (Figure acts with Glu-102, and is likely to mimic the residue at
the P-3 position of the substrate, since mutation of Glu-3C). The change in orientation of aR1 of CaMKI with
respect to the inhibitor peptide of cAPK is correlated 102 alters the P-3 specificity of the enzyme (Picciotto
et al., unpublished data). The side chain of Phe-298with a rotation of aD by 308 about its N-terminus. The
net result of these and other changes is that the peptide- (CaMKI) appears to mimic the P-5 position of the sub-
strate, and is buried within a hydrophobic pocket in thebinding channel in CaMKI is deeper and structured dif-
ferently than in cAPK. substrate binding channel, formed by Ile-210, Pro-216,
and Phe-104. A substrate-mimicking interaction hadThe sequence recognition motif for CaMKI (Hyd-X-
Arg-X-X-Ser/Thr-X-X-X-Hyd, where X is any amino acid been predicted for a corresponding phenylalanine in
CaMKII on the basis of the structure of cAPK (Cruzaleguiand Hyd is a hydrophobic residue) includes basic and
hydrophobic residues upstream of the phosphorylation et al., 1992), but the movement of aD shifts the position
of the hydrophobic patch and creates a deeper pocketsite (Lee et al., 1994). The preference of CaMKI for basic
Structure of Calmodulin-Dependent Kinase I
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Figure 2. Alignment of Kinase Sequences
The amino acid sequences of the catalytic core regions of the rat CaMKI (Picciotto et al., 1993; Cho et al., 1994), rat CaMKII (Hanley et al.,
1987), and rat CaMKIV (Means et al., 1991) are shown along with the corresponding sequence from mouse cAMP-dependent protein kinase
(cAPK). The divergent N- and C-terminal regions of the enzymes are not shown. Residue numbers above the sequences correspond to CaMKI.
The secondary structural elements of the CaMKI crystal structure are indicated above the sequences, with black boxes designating a helices
and white boxes for b strands. Likewise, the secondary structural elements of cAPK are drawn in the same fashion below the sequences.
The secondary structure nomenclature of cAPK follows that for Knighton et al. (1991a). The phosphorylation sites for CaMKI and cAPK are
marked with asterisks. Disordered regions of the CaMKI structure are indicated with wavy lines. aR1 in the regulatory region of CaMKI is
likely to be structurally conserved in CaM kinases II and IV, thus the sequences in this region are aligned so that charged residues are excluded
from positions Val-290 and Ile-294.
for Phe-298 in CaMKI than is apparent in cAPK. Further Interaction of the Regulatory Region
with the ATP-Binding Sitestructural analysis is required to resolve the issue of
whether the orientation of aR1 observed in the autoin- Subsequent to forming substrate-like interactions with
the C-terminal domain, the regulatory segment does nothibited CaMKI structure corresponds to the mode of
substrate binding, or whether the removal of the regula- enter the active site where phosphate transfer occurs.
Instead, it turns away from the active site and forms atory segment by calmodulin would result in a relaxation
of the local structure toward that seen in cAPK. protuberant handlelike structure (residues 300±304) on
the surface. Residues 305±316 interact with the outerIn addition to the recognition of Phe-298, three resi-
dues along the internal face of aR1 (Ile-286, Val-290, and surface of the ATP-binding domain and are wedged
between the ATP-binding strands (b1±b2) and the linkerIle-294) pack into the hydrophobic channel, primarily
against aD, leading to an extensive hydrophobic inter- region that connects the ATP-binding domain to the
C-terminal domain. The ATP-binding loop is in a strik-face with the catalytic core (Figure 4). These interactions
are of particular interest in CaMKII, in which Thr-286 ingly different conformation to that seen in cAPK, where
it forms a b strand-turn-b strand structure that is part(which corresponds to Val-290 of CaMKI) is autophos-
phorylated when the enzyme is activated, leading to of the central b sheet of the ATP-binding domain. In
CaMKI residues, Leu-26 to Glu-33 have undergone apartial Ca21/calmodulin independence and increased af-
finity for Ca21/calmodulin (Meyer et al., 1991). The anal- severe deformation, with the formation of a distorted 310
helix between residues Gly-29 to Val-34. The formationogy with the structure of CaMKI suggests that a charged
residue at this position in the regulatory segment would of the helical structure involves hydrogen bonding be-
tween the side chain of Ser-32 and the backbone car-destabilize the hydrophobic interactions made by aR1,
increasing the probability of the inhibitory tail being re- bonyl at position Gly-29, as well as between the back-
bone amide of Ala-30 and the side chain of Asn-305.leased from the catalytic core.
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Figure 3. Conformational Changes in Autoin-
hibited CaMKI
(A) Backbone representation of CaMKI (left)
and cAPK ternary complex (Zheng et al.,
1993b) (right), with selected side chain resi-
dues included. The ATP-binding loop is col-
ored yellow in both structures, showing the
conformational rearrangement that has taken
place in autoinhibited CaMKI. In cAPK, Phe-
54 of the P loop (colored yellow) is located
such that one face of the phenylalanine side
chain is close to the b and g phosphates of
ATP, while the other face packs against hy-
drophobic residues Phe-187 (colored pink)
and Leu-82 (green). In CaMKI, the homolo-
gous residue Phe-31 occupies part of the ri-
bose binding site for ATP and is part of a
cluster of hydrophobic residues that includes
Phe-307 from the regulatory C-terminal se-
quence.
(B) Ca trace of the N-terminal domains of
cAPK (black, residues 41±121) and CaMKI
(red, residues 18±96; blue, C-terminal regula-
tory sequence 290±316). The Ca atoms of b
strands 1±5 of the two enzymes have been
superimposed.
(C) Ribbon drawing of theC-terminal domains
of cAPK (blue) and CaMKI (red). The a-carbon
atoms of aE and aF of the two kinases have
been superimposed, but only a portion of the
C-terminal domain is shown, in the vicinity of
the regulatory sequence. The first helix of the
regulatory sequence (aR1) does not overlap
with the cAPK inhibitor, PKI. Instead, it occu-
pies a hydrophobic patch that is exposed by
the displacement of aD. Lys-300 in the regu-
latory segment of CaMKI mimics the arginine
residue at the P-3 position of PKI; both inter-
act with a structurally conserved glutamate
residue.
Structure of Calmodulin-Dependent Kinase I
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The interface between the regulatory segment and
the ATP-binding domain is extensive and contributes
approximately half of the total surface area buried by
the peptide. Phe-307 is one of 7 hydrophobicside chains
in the regulatory segment that pack against the ATP-
binding domain. The others are Ala-306, Ala-309, Ala-
311, Val-312, Val-313, and Met-316. These side chains
pack against hydrophobic residues in the ATP-binding
domain (Leu-26, Gly-27, Phe-31, Leu-36, Leu-45, Leu-
97, the Cb atom of Ser-99, and Gly-101). These residues
are part of the hydrophobic core of the ATP-binding
domain, and all but two are conserved in other CaM
kinases and in cAPK. The two variable side chains, Leu-
36 and Leu-45, interact with the C-terminal end of the
regulatory segment, and appear to be important for sta-
bilizing the terminal helix aR2, theconformation of which
might therefore be different in other CaM kinases.
The interaction of the regulatory segment with the
ATP-binding domain is quite different from that seen in
the kinase domain of twitchin, which has its active site
directly blocked by the inhibitory segment. Twitchin (the
product of the unc-22 gene of C. elegans) is a very large
protein (Mr ≈ 600 kDa) with a region of high sequence
homology to the kinase domain of MLCK (Benian et al.,
1989). A 60 residue segment following thekinase domain
inhibits the enzyme by interacting tightly with the active
Figure 4. Solvent-Accessible Surface of Autoinhibited CaMKI site and the ATP-binding site. The mode of interaction
of the twitchin kinase regulatory segment resemblesThe C-terminal sequence was omitted from the surface calculation
and, instead, is drawn as a red tube (residues 280±316). The side that of the PKI inhibitor bound to cAPK to some extent,
chains of hydrophobic residues (Ala, Cys, Ile, Leu, Met, Phe, Trp, although the autoinhibitory interactions in twitchin ki-
Tyr, and Val) that are located in the C-terminal region are drawn in nase are much more extensive (Hu et al., 1994).
yellow. The autoinhibitory sequence, defined by truncation muta-
Twitchin kinase has no obvious calmodulin recogni-genesis (Haribabu et al., 1995; Yokokura et al., 1995) and by this
tion sequence within this autoinhibitory region, and it isstructural study, is drawn in magenta. Figure was generated using
the program GRASP (Nicholls et al., 1991). as yet unclear how the enzyme is activated. It is interest-
ing to note that the regulatory segment of CaMKI takes
advantage of interactions with residues in the ATP-bind-
There are three additional hydrogen bonds formed be- ing domain that are present in most kinases, but are
tween the regulatory segment and the distorted ATP- blocked in twitchin kinase by an N-terminal extension
binding loop, which may help stabilize it (Figure 5). to the kinase core, consisting of two helices, two b
One important consequence of the change in confor- strands and intervening loops (Hu et al., 1994). Likewise,
mation of the ATP-binding region is that the side chain in cAPK, this region is covered by the C-terminal exten-
of Phe-31 of the ATP-binding loop blocks the position sion of that enzyme, which approaches the ATP-binding
that would be occupied by the ribose ring of ATP (Figure domain from a different direction than that of the regula-
3A). Phe-31 is conserved in many kinases, and in the tory segment of CaMKI (Knighton et al., 1991a).
cAPK structure, the equivalent side chain (Phe-54) caps
the b and g phosphates of the bound ATP, possibly
protecting them from solvent (Bossemeyer et al., 1993; Implications for Activation
Measurements of the activity of truncated forms ofZheng et al., 1993b). This side chain is part of a cluster
of hydrophobic residues in cAPK that appear to be im- CaMKI indicate that the calmodulin-binding region in-
cludes helix aR2 and the interhelix loop, and that theportant for the maintenance of the structure of the active
site, including that of the activation loop. In CaMKI, the minimal inhibitory segment includes the C-terminal re-
gion of aR1 and the N-terminal region of the loop (Hari-position of the Phe-31 side chain is displaced by 15
AÊ relative to that of Phe-54 in cAPK (calculated after babu et al., 1995; Yokokura et al.,1995). Ca21/calmodulin
is unable to bind to CaMKI truncated at residues 305 orsuperimposing the ATP-binding domains of the two en-
zymes). In its new position, Phe-31 interacts closely with 306 and is also unable to activate it. Further truncation
of the enzyme to residue 294 or 277 generates constitu-the side chain of Phe-307 in the regulatory segment, with
tight van der Waals packing (Figure 3B). The glycine- tively active forms of the enzyme that are Ca21/calmodu-
lin independent. Helix aR1 and several residues in therich ATP loop has been noted to be a relatively flexible
element in the crystal structures of other kinases (Cox loop following it (residues Asn-297 to Lys-300) occupy
and block the substrate binding site (Figure 3C), andet al., 1994). However, the magnitude and nature of the
structural deformations observed here are unprece- thus it is expected that truncated forms of the enzyme
that still include this region would be inactive.dented.
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Figure 5. Electron Density at 2.5 AÊ Resolution in the Vicinity of the P Loop and C-Terminal Region
For the calculation of the electron density map, residues 25±34 and 303±309 were deleted from the model. The remaining atoms were refined
using a simulated annealing protocol (BruÈ nger et al., 1990) and the resulting coordinates used to provide structure factor amplitudes and
phases for a 2Fo 2 Fc Fourier synthesis. The electron density is contoured at the 1.1 s level. Oxygen atoms are colored red and nitrogens
are blue. Carbon atoms in the P loop are colored yellow, and those in the C-terminal region are white. Some potential hydrogen-bonding
interactions made between the autoinhibitory sequence and the P loop are drawn with dotted lines.
The mechanismby which Ca21/calmodulin recognizes is positioned so that the side chain points outward (Fig-
ure 4), suggesting that it is available for an initial interac-a relatively divergent set of target sequences with high
affinity has been clarified by the determination of the tion with Ca21/calmodulin. The particular conformation
of Trp-303 and the flanking residues seen in the structurestructures of Ca21/calmodulin bound to peptides corre-
sponding to the regulatory segments of MLCK from skel- is stabilized by crystal contacts, and this region is likely
to be flexible in solution. A recent 1H±nuclear magneticetal and smooth muscle and CaMKII (Ikura et al., 1992;
Meador et al., 1992, 1993; reviewed in Crivici and Ikura, resonance study of the interaction between calmodulin
and skeletal muscle MLCK has shown that a synthetic1995). The two domains of Ca21/calmodulin come to-
gether to form a central tunnel that accommodates the peptide analog of the MLCK target sequence that con-
tains the N-terminal anchor residue (Trp-580) and flank-target peptide as a single, long a helix. Two hydrophobic
residues, spaced 13 residues apart in MLCK and 9 resi- ing residues (Lys-577 to Ala 586), but not the C-terminal
anchor, can interact specifically with the C-terminal do-dues apart in CaMKII, form the most important anchor
points of the interaction, with several other hydrophobic main of Ca21/calmodulin (Findlay et al., 1995). In CaMKI,
such an interaction would be facilitated by the bipartiteresidues also contributing to the extensive buried sur-
face on the peptide. The interaction is a bipartite one nature of the binding of the regulatory segment to the
catalytic core, which leaves exposed the linker regionin which the N-terminal portion of the peptide sequence
interacts primarily with the C-terminal domain of Ca21/ flanking Trp-303 for an initial interaction with Ca21/cal-
modulin.calmodulin, while the C-terminal portion of the peptide
interacts with the N-terminus of Ca21/calmodulin. The The structure of CaMKI suggests that the regulatory
segment can inhibit the activity of the enzyme in severalhydrophobic interactions that form the core of the com-
plex are flanked by electrostatic and hydrogen bonding different ways: by blockage of the recognition site for
substrate residues N-terminal to the phosphorylatedinteractions that define the boundaries of the interface.
Based on similarities between the regulatory region of residue, by constraining the kinase to an open and inac-
tive conformation, by distorting the ATP-binding site orCaMKI and that of MLCK and CaMKII, as well as the
results of the truncation experiments, residues Lys-300 by inducing disorder at the active site. For CaMKI, a
peptide inhibitor corresponding to the regulatory seg-to Met-316 are expected to form the calmodulin interac-
tion region in CaMKI. ment was found to be competitive with peptide sub-
strates but not with ATP (Yokokura et al., 1995). How-For calmodulin binding, the N-terminal anchor residue
of the peptide target is often a tryptophan and corre- ever, in CaMKII it is found that the corresponding
peptide inhibitor is competitive with respect to ATP butsponds to Trp-303 of CaMKI. Analogous to the MLCK
peptides, Met-316 in CaMKI is spaced 13 residues away noncompetitive with respect topeptide substrate (Smith
et al., 1992). Interestingly, substitution of His-282 to Alaand may be the C-terminal anchor for Ca21/calmodulin.
While Met-316 in CaMKI is buried in the interface with decreased the inhibitory potency of the CaMKII peptide
20-fold, but changed the nature of the kinetics to non-the ATP-binding domain of the catalytic core, it is strik-
ing that Trp-303 does not interact with the kinase and competitive with respect to ATP and competitive with
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respect to a peptide substrate (Smith et al., 1992). The form of CaMKI that are involved in the binding of the
regulatory segment.kinetic results may reflect a dynamic balance between
the relative strengths of the various inhibitory interac-
tions. The affinity of ATP for the inhibited form of the Conclusions
enzyme has not been directly measured, and a system- A possible mechanism of CaMKI activation that arises
atic study of the thermodynamics of the binding of ATP from consideration of the structure of this and other
and small peptide inhibitors to active and inactive forms protein kinases can be summarized as follows. Calmod-
of the CaM kinases is required to quantitate these ef- ulin first binds to Trp-303, which is exposed in the struc-
fects. ture of the autoinhibited enzyme. Subsequent release
The sequence identity between the catalytic domains of strands b1 and b2 from interaction with the regulatory
of CaM kinases I, II, and IV is 45%±50%, indicating segment results in the restoration of ATP-binding func-
that their structures will be closely similar. However, tionality and allows the relative orientation of the two
sequence similarity in the regulatory segments of these domains to rotate into the active conformation. Further
proteins is considerably lower (Figure 2), making it diffi- release of aR1 from the C-terminal domain might occur
cult to predict the precise three-dimensional conforma- due to steric hindrance from the bound calmodulin, and
tions of these segments in the other proteins. This se- this would open up the peptide-substrate-binding chan-
quence divergence is consistent with the nature of the nel and allow phosphorylation of Thr-177 by the activat-
interaction with calmodulin, which is capable of consid- ing kinase. This would result in the formation and order-
erable plasticity in its interactions with targets while ing of the complete active site, and the generation of a
retaining high affinity (Meador et al., 1993). In each of fully functional enzyme.
the other CaM kinases, the interaction of the N-terminal The three-dimensional structure suggests that the
part of the regulatory segment (aR1) is likely to be similar mechanism of inactivation of CaMKI is more complex
to that observed here for CaMKI because of the localiza- than would have been expected from a simple pseudo-
tion of this region by the conserved helix aI of the cata- substrate mechanism, and is distinctly different from
lytic core. The nature of the residues in the linker region that observed in another autoinhibited kinase, twitchin.
is also generally preserved, suggesting that the position- Indeed, comparison of the different kinase structures
ing of this region for an initial interaction with calmodulin that have been determined so far reveals that the regula-
may also be a general feature. The C-terminal region tion of catalytic activity has distinctive features in each
of the regulatory segment is more divergent, and its case and that the highly conserved active site of the
interaction with the kinase core may differ significantly kinases is surrounded by structural features that are
in each of these enzymes. For example, the residues in relatively plastic. Protein kinases function at the inter-
the ATP-binding domain of CaMKI that interact with sections of diverse signaling pathways, and their ability
Met-316 (Leu-36 and Leu-45) are altered to polar resi- to evolve quite different regulatory mechanisms is per-
dues in CaMKII. haps a manifestation of the versatility that is required
to respond with high specificity to a remarkably broad
range of input stimuli.
Activation by Phosphorylation
The conversion of CaMKI from a fully inactive enzyme Experimental Procedures
toa fullyactive one is a two-step process. Subsequent to
Protein Preparation and Crystallizationactivation by Ca21/calmodulin, Thr-177 in the activation
Recombinant CaMKI (from a rat brain cDNA clone [Picciotto et al.,loop isphosphorylated by a CaMKI kinase, which results
1993]), fused with glutathione S-transferase via a thrombin cleavagein at least a 25-fold increase in specific activity (Lee and
site, was expressed in E. coli strain BL21(DE3)pLysS and purified
Edelman, 1994, 1995; Haribabu et al., 1995). Phosphory- as described previously (Picciotto et al., 1993), with some modifica-
lation of Thr-177 is likely to lead to structural stabilization tions. Cell cultures were harvested by centrifugation and resus-
pended in 25 mM Tris±HCl (pH 8.0), 100 mM KCl, 10% (v/v) glycerol,and consequent ordering of the loop, in a mechanism
5 mM dithiothreitol , 2 mM EDTA, 0.1 mM phenyl-methyl sulphonylanalogous to that seen in cAPK, where the correspond-
fluoride, and 10 mg/ml leupeptin. Cells were lysed by five cycles ofing phosphothreonine interacts with residues near to
freezing and thawing. All subsequent procedures were carried outthe active site. The CaMKI kinase is itself dependent
at 48C. Cell lysate was centrifuged and fusion protein was purified
on Ca21/calmodulin in two ways. In addition to its own from the supernatant by glutathione-sepharose affinity chromatog-
catalytic activity being activated by Ca21/calmodulin raphy (Pharmacia). CaMKI was released from the fusion protein by
proteolytic cleavage with thrombin (Boehringer), and further purifiedbinding, the CaM kinase kinase cannot phosphorylate
by calmodulin-sepharose affinity chromatography (Pharmacia). In aThr-177 unless Ca21/calmodulin is bound to CaMKI
final step, material was loaded onto a mono-Q column (Pharmacia)(Hawley et al., 1995). Truncation of the regulatory seg-
and eluted with a KCl gradient.ment of CaMKI to Ala-306 prevents phosphorylation
Full-length CaMKI (374 amino acids; Picciotto et al., 1993; Cho
both in the presence and absence of Ca21/calmodulin, et al., 1994), purified in this manner, undergoes proteolysis at the
showing that the region corresponding to helix aR1 of C-terminus during purification to yield a mixture of products. Mass
spectrometric measurements identified a major product with a mo-the regulatory segment is sufficient to block the action
lecular mass of 35,900 that was resistant to further proteolysis.of the activating kinase (Haribabu et al., 1995). The ability
Polymerase chain reaction was then used to amplify the region ofof helices aR1 and aR2 to block phosphorylation of
the CaMKI gene that encodes protein residues 1±320, and this wasThr-177 is somewhat puzzling, since these helices are
inserted into the pGEX-2T expression vector (Pharmacia) using
located at some distance from the phosphorylatable BamHI and EcoRI restriction sites. The truncated CaMKI was puri-
residue. It is possible that the activating kinase recog- fied as before and was used for all further studies; it will be referred
to as CaMKI unless stated otherwise.nizes structural elements of the Ca21/calmodulin-bound
Figure 6. Temperature Factors of CaMKI
(A) Stereo diagram of Ca atoms, colored according to temperature factor. The disordered regions between b8 and aEF (activation loop) and
b3 and aC are indicated with dotted lines.
(B) A Wilson plot of the native X-ray data (Wilson, 1949). The plot is based on 11,381 reflections between 6.0 and 2.5 AÊ resolution. The value
of the overall isotropic temperature factor, determined from the best straight line to the measured X-ray intensities, is 59 AÊ 2. Also shown are
the merging statistics for the native dataset in the form of a bar graph. The numbers alongside each bar represent the data completeness
for the corresponding resolution shell.
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Purified CaMKI was concentrated to 25 mg/ml in a buffer con- al., 1990; BruÈ nger, 1992). The refined model of CaMKI, at 2.5 AÊ
resolution (Table 1), comprises 2221 nonhydrogen atoms and 122taining 20 mM Tris±HCl (pH 8.0), 1 mM dithiothreitol, 10 mg/ml leu-
peptin, and 0.02% (w/v) sodium azide. Crystallization trials were water molecules. Electron density maps reveal several discrete re-
gions of disorder, leading to the omission of some amino acid resi-performed by combining the hanging-drop technique with a sparse
matrix search for appropriate conditions (Jancaric and Kim, 1991) dues from the final model. Two N-terminal residues are introduced
by the pGEX-2T expression vector and are disordered, as are theand yielded two different crystal forms, in the presence and absence
of ATP. Crystallization trials carried out in the presence of Mg21.ATP authentic N-terminal residues 1±9. Likewise, no electron density is
observed for C-terminal residues 317±320. Additionally, two centralyielded a hexagonal form at 218C overa reservoir solutioncontaining
20% (w/v) polyethylene glycol (average Mr 5 4000), 150 mM Li2SO4, regions of the catalytic core are disordered, residues 54±63 and
164±181. Finally, side chain atoms for the following amino acid resi-and 100 mM morpholineethanesulfonic acid (pH 6.1). The hanging
drops contained a mixture of 1 ml of reservoir solution plus 1 ml of dues were not modeled beyond Cb owing to poor electron density:
Lys-53, Asn-65, Agr-140, Glu-154, Gln-192, Tyr-195, Glu-221, Asn-a protein solution that had been preincubated for 30 min with 3.5
mM ATP and 14.3 mM MgSO4. The space group is P6322 (a 5 84.1 222, Lys-225, Glu-228, Lys-232 and Glu-272.
AÊ , c 5 165.2 AÊ ). There is a dramatic falloff in the diffracted X-ray intensity beyond
The crystals obtained in the presence of ATP diffract X-rays to 3 AÊ resolution (Figure 6B). Although the dataset is 95% complete
at least 2 AÊ resolution, using a laboratory X-ray source. However, to 2.5 AÊ , with an overall agreement factor, Rmerge, between symmetry-
the diffraction patterns generated by these crystals show an unusual related reflections of 0.06, the Rmerge rises from 0.15 at 3.0 AÊ to 0.30
sequence of sharp and diffuse diffraction spots that is periodic in at 2.5 AÊ . Most notably, a Wilson plot (Wilson, 1949) of the measured
directions perpendicular to the c* axis. This indicates the presence X-ray intensities reveals that the intrinsic temperature factor of the
of period heterogeneities or dislocations within the crystal that ren- crystal is 59 AÊ 2, including all data between 6 and 2.5 AÊ (Figure
der structure determination impossible (Bragg and Howells, 1954). 6B). Correspondingly, the average temperature factor for all protein
This combination of high resolution diffraction coupled with system- atoms of the final refined model is 54 AÊ 2 (the average temperature
atic crystal disorder has been observedpreviously with other protein factor for main chain atoms and side chain atoms is 53 AÊ 2 and 55
crystals (Pickersgill, 1987). AÊ 2, respectively). The water molecule B values range from 27 to 87
The crystals used in the structure determination are in a different AÊ 2, with an average value of 57 AÊ 2. Water molecules were included
space group and were obtained in the absence of ATP, by vapor in the model based on hydrogen bonding and the presence of repro-
diffusion at 218C over a reservoir containing 2 M (NH4)2SO4, 2% ducible peaks in electron density maps and based on their effects
(w/v) polyethylene glycol (average Mr 5 400), and 100 mM HEPES on the free R value. The final R value is 20.1% (free R value, 31.3%).
(pH 7.5). Reservoir solution (1 ml) was added to an equal volume of Omission of the 10 water molecules with the highest B factors (75±87
protein solution containing 70 mM MgSO4. Microseeding experi- AÊ 2) results in an R value of 20.3% (free R value, 31.6%). The combina-
ments were required to growlarge crystals suitable for X-ray studies. tion of cryogenic cooling and extremely intense synchrotron radia-
The space group is I222 (a 5 65.2 AÊ , b 5 76.0 AÊ , c 5 148.2 AÊ , one tion that we have employed in this analysis has allowed us to mea-
molecule in the asymmetric unit). sure data to 2.5 AÊ despite the high temperature factor of the crystal.
The effect of the additional data is manifested in the electron density
Data Collection and Structure Determination maps, which are of high quality in the regions of the protein that
The structure was determined by the isomorphous replacement are included in the molecular model (Figure 5).
method using a single heavy atom derivative obtained with mercuric
acetate, with the inclusion of anomalous scattering information. For
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